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In-beam spectroscopic studies of S nucleus 
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The structure of the 44 S nucleus has been studied at GANIL through the one proton knock- 
out reaction from a 45 C1 secondary beam at 42 A-MeV. The 7 rays following the de-excitation 
of 44 S were detected in flight using the 70 BaF2 detectors of the Chateau de Cristal array. An 
exhaustive 77-coincidence analysis allowed an unambiguous construction of the level scheme up to 
an excitation energy of 3301 keV. The existence of the spherical 2% state is confirmed and three 
new 7-ray transitions connecting the prolate deformed 2+ level were observed. Comparison of 
the experimental results to shell model calculations further supports a prolate and spherical shape 
coexistence with a large mixing of states built on the ground state band in 44 S. 

PACS numbers: 21.60.Cs, 23.20.Lv, 27.40.+Z 
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I. INTRODUCTION 

In the 50's, Goeppert-Mayer [l[ and Haxel, Jensen, 
and Suess [2j were able to obtain a description of the 
nuclear magic numbers by adding a strong spin-orbit in- 
teraction to a central mean field potential. This leads to 
the creation of the so-called spin-orbit gaps with magic 
numbers 2, 8, 20, 28, 50, 82 and 126. Stable nuclei with 
magic number of protons and/or neutrons were found to 
be spherical, having a closed shell configuration. This 
simple view of indestructible magic numbers has been 
modified over the last 30 years due to new spectroscopic 
information on exotic nuclei such as 32 ;Mg2o SI- A 
reduction of the spherical A = 20 gap was invoked to 
explain the deformation of f|Mg where a gain in cor- 
relation energy, due to quadrupole excitations obtained 
when promoting nucleons across the shell gap, is larger 
than the loss in energy required to cross that shell gap. 
Therefore, if the spherical shell gap is reduced, and/or 
the two orbits forming the gap are separated by two units 
of angular momentum, as for all spin-orbit magic num- 
bers, the nuclear deformation is favored. These two con- 
ditions are fulfilled also in 42 Si, which was found to be 
deformed @, Q ■ One of the key nuclei to understand how 



deformation sets in for the N = 28 isotones between the 
spherical 48 Ca and 42 Si is 44 S. This nucleus has been in- 
vestigated using different experimental approaches, such 
as /3-decay [EEL Coulomb excitation js!, in-beam 7-ray 
spectroscopy (lfl | , isomer studies [HI [l2[ , electron spec- 
troscopy [12j | and the two proton knock-out reaction [13j . 
The works of Ref. showed that 44 S has a deformed 

ground state. The study of the decay of the 0^ level |L| 
and the B(E2: 2^ — >0f) reduced transition probability 9} 
led to the conclusion, by means of shell model calcula- 
tions, that 44 S exhibits a prolate ground state and a 0^" 
spherical isomeric level. In addition, shell-model calcu- 
lations predicted the existence of a deformed band built 
on top of the ground state and a 2^~ level of spherical 
character above the 0^" state. A candidate for the 2jj 
level has been proposed in Ref. [l^]. The aim of the 
present work is to confirm the existence of this state, 
among others found in Ref. [13|], and to discover new- 
high energy levels connecting the deformed and spherical 
bands in 44 S. All this information is relevant to further 
understand shape - coexistence in this nucleus. The au- 
thors of Ref. [1J] used a two proton knock-out reaction 
from a secondary beam of 46 Ar to populate excited states 
in 44 S while, in the present work, a one proton knock-out 
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FIG. 1: (Color online) (a): Energy loss (AE) versus time of 
flight (TOF) particle identification plot of the ions produced 
in the fragmentation of 48 Ca beam on C target and separated 
in the ALPHA spectrometer, (b): Energy loss (AE) versus 
A/Q plot of the ions produced in the fragmentation of the 45 CI 
secondary beam in the Be secondary target and separated in 
the SPEC spectrometer. 



reaction 45 Cl(-lp) 44 S was employed. This different reac- 
tion mechanism is expected to populate additional states 
in 44 S leading to a complementary understanding of the 



structure of this nucleus. 



II. EXPERIMENTAL METHOD 

The experiment was performed at the Grand 
Accelerateur National d'lons Lourds (GANIL, France) 
facility. A 48 Ca 19+ primary beam at 60 MeV/u and 
3.8 /iA average intensity impinged on a 200 mg/cm 2 C 
target located between the two superconductor solenoids 
of the SISSI [HI device. The reaction products were sep- 
arated by means of the Bp-AE-Bp method [HOS 

in the 

ALPHA spectrometer. The ion identification was per- 
formed on an event-by-event basis by measuring their 
time-of-flight (TOF) over an 80 m flight path using two 
micro-channel plates and energy loss (AE) in a 50 /zm Si 
detector located at the entrance of the SPEG spectrom- 
eter. An example of the particle identification plot for 
the reaction residues is shown in Fig. [T] (a). Afterwards, 
the selected fragments underwent secondary reactions in 
a 195 mg/cm 2 9 Be target placed at the Si detector posi- 
tion. The AE and positions of the secondary ions were 
measured at the final focal plane of SPEG in ionization 
and drift chambers, respectively. A plastic scintillator 
was used to determine the TOF and residual energy. All 
of these measurements permitted a full reconstruction of 
the mass-to-charge ratio of the produced secondary ions 
(Fig- 111(b))- Although, the magnetic rigidity of the spec- 
trometer was optimized for 42 Si transmission, the large 
acceptance of SPEG (Ap/p~7%) spectrometer permit- 
ted 50% of the 44 S momentum distribution from the one 
proton knock-out reaction from 45 CI to be transmitted. 
This reaction is of particular interest as it provides spin 
and parity selectivity of the final states populated. The 
inclusive <7i p ( 45 Cl— >- 44 S) cross section was measured to 
be 13(3) mb. The prompt-7 rays detected in coincidence 
with the nuclei identified at the final focal plane of SPEG 



were measured in 70 BaF2 detectors of the Chateau de 
Cristal array positioned above and below the secondary 
target at an average distance of 25 cm. The efficiency 
of the array was determined using standard sources of 
60 Co and 152 Eu to be 24% at 1.33 MeV with an energy 
resolution of 15% at 800 keV. A time resolution of 800 ps 
was obtained. 



III. RESULTS 

The 7-ray singles spectrum in coincidence with 44 S re- 
action products is shown in Fig. [2ja) . Transitions pre- 
viously reported in Ref. [H, [l(| are confirmed with the 
exception of the 7-ray at 2632 keV that is not visible in 
the present work. However, a broad 7-ray distribution 
at high excitation energy is observed. The construction 
of the level scheme shown in Fig. @] is based on a ex- 
haustive 77-coincidence analysis described below. The 
fitting function employed to obtain the 7-ray intensities 
and their energies has, as a fixed parameter, the energy- 
dependent peak- width calculated from the systematics of 
known transitions of other reaction channels measured in 
the same experiment. 

The spectrum obtained from the 77-matrix gated on 
the 2^ — >0^ 1321 keV 7 transition is shown in Fig^b). 
Two well separated 7 rays at high excitation energy are 
observed. A fit to the high - energy part of this spectrum 
with a two Gaussian functions yields 1979 and 2262 keV 
for the two 7-rays, respectively (Fig. [3] (a)). The p- value 
from the x 2 goodness-of-fit test is 0.84. It was not pos- 
sible to fit the broad high energy distribution visible in 
the singles spectrum with two Gaussian functions if the 
1979 and 2262 keV centroids are considered as fix param- 
eters (p- value < 0.07). Similarly, if the high energy part 
of the singles spectrum is fitted first with two Gaussian 
functions and then the energies obtained are used as a 
fixed parameter in the fitting procedure of the spectrum 
gated on the 1321 keV, the p- value of the latter fit yields 
0.3. The energies of the two 7 rays obtained by the two 
methods are thus not consistent. Therefore, this analysis 
suggests that the high energy and broad 7-ray distribu- 
tion visible in the single spectrum is actually composed 
of three different 7-rays. The fit of this distribution us- 
ing three Gaussian functions, in which the centroids and 
widths of the 1979 and 2262 keV transitions observed 
in Fig. [2fb) are fixed, yields 2156 keV as the energy of 
the third 7-ray (Fig. [3Jb)). These three transitions are 
visible with a significance level of more than 4 a. The 
2156 keV 7-ray is not in coincidence with the 1321 keV 
transition. Therefore, it is proposed that it decays di- 
rectly from a level at 2156 keV to the ground state of 
44 S. The observation of a 1979 keV 7 ray connected to the 
1321 keV 2+ state establishes a level at about 3300 keV 
excitation energy (see below) . The structure in the 7-ray 
spectrum between 950 and 1050 keV is a doublet com- 
posed of two different transitions at 977 and 1006 keV 
[Fig (He)]. The sum of the 977 and 1006 keV 7 energies 
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FIG. 2: (a): Singles 7-ray spectrum in coincidence with 44 S 
ions. Coincidence spectra gated by the (b) 1321, (c) summed 
977 and 1006, (d) 1979 and (e) 1198 keV transitions, respec- 
tively. 
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FIG. 3: (Color online) High energy part of the spectra ob- 
tained (a) from the 77 matrix gated by the 1321 keV transi- 
tion and (b) singles 7-ray. The lines shows the result of the fit 
with two (a) and three (b) Gaussian functions, respectively. 
The p-value of the \ 2 goodness-of-fit test is represented by 
the letter P. 



leads to 1983(34) keV which, within the experimental un- 
certainties, agrees with the energy of the 1979(19) keV 7 
ray. Therefore, these three transitions most likely belong 
to two parallel branches that de-excites from a new state. 
This state decays by a direct 1979 keV 7-ray and a cas- 
cade of 977 and 1006 keV transitions. The energy spacing 
between the proposed level and the 2+ state at 1321 keV 
can be estimated using the weighted mean of the energies 
of the two decay branches and yields 3301(18) keV. 

The 977 keV 7-ray is placed immediately above the 
2]*~ state based on the fact that its energy matches the 
one of 949(5) keV reported in Ref. [lj]. The 1006 keV 
transition is placed above the 977 keV and this 7-ray 
was not observed in Ref. [Hj]. This establishes the level 
at 2298(25) keV corresponding that of 2268(5) keV from 
Ref. [l3j. The spectra shown in Fig[2]Jb) and (c) reveal 
the possible existence of a new 7 ray at 1198 keV. This 
transition is likely in coincidence with all other 7 rays 
with the exception of the 2262 and 2156 keV peaks. It 
is placed above the 1979 keV 7 line depopulating a state 
at 4499 keV excitation energy with spin and parity Y + 
(see below). 

From the present data, it is not possible to place the 
2262 keV 7 ray in the level scheme. The coincidence rela- 
tion with the 1321 keV line indicates that it must decay 
from a state above the 2+ level, labeled X + in Table [U 
The broad structure observed around 200-300 keV in the 
spectrum of singles (Figf2fa)) is not associated with 44 S. 
This structure corresponds to a peak at constant energy 
in the non Doppler-corrected spectra and, consequently, 
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TABLE I: Experimental energies, tentative spin and parity assignments, relative intensities and transition energies for the 
excited states in 44 S. The direct feeding to the measured levels have been normalized to the number of detected 44 S in SPEG 
and was obtained considering the 2262 keV transition feeding the 1321 keV (Da) or the (23") (Db) state (see text). The width 
of the 7-ray (a) used in the fitting function is shown in the last column. 
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1321(10) 


2t 




2156(49) 


(2 2 + 




2298(25) 
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)^2+ 



E 7 [keV] I 7 [%] Da[%] Di 



cr[keV] 



3301(18) (2+l+)^(2 3 + 
(2+1+^(2+ 
3583(39) c ;4560(45) d (X+)->2+;(2+ 



4499(37) 



(Y+H(2+Lj 



1321(10) 100(8) 14(6) 20(7) 69(1) 

2156(49) 17(6) 12(4) 12(4) 99(1) 

977(23) a 48(6) 25(4) 11(4) 57(1) 

1006(25) 6 12(3) 12(2) 13(2) 58(1) 

1979(19)'' 24(5) 93(1) 

2262(38) c 21(5) 15(3) 15(3) 103(1) 

1198(25) 6 18(3) 13(2) 13(2) 65(1) 



"Extracted from the 77 matrix gating on the 950 - 1050 keV distribution 
[Figdc)]. 

'Extracted from the 77 matrix gating on the 1321 keV transition [Fig[2fb)]. 
c State depopulated by the 2262 keV transition feeding the 2^ level. 
d State depopulated by the 2262 keV transition feeding the (2g~) level. 



must originate from a stopped source. As shown in Fi g. 31 
the present level scheme agrees with the one of Ref. [l3[ 
for the first three excited states. In addition, two new 
levels are proposed at higher energy in the present work 
that were not observed in Ref. [l3| and highlights the 
different selectivity of the complementary reactions used 
in the two experiments. 

The direct feeding to the levels normalized to the to- 
tal number of 44 S detected in SPEG have been extracted 
(Tab. [I]). They are based on the measured 7-ray inten- 
sities and calculated branching ratios. As the precise 
location of the 2262 keV 7-ray in the level scheme could 
not be determined unambiguously, the direct population 
to states in 44 S were deduced considering two assump- 
tions: (Da) m which the 2262 keV transition feeds the 
2f level or (Db) in which the 2262 keV transition feeds 
the 2298 keV state. It is interesting to note that the di- 
rect feeding of all the states populated in 44 S is nearly 
the same (between 10 and 20%). This feature is a direct 
consequence of the large configuration mixing between 
levels in 44 S. In contrast, the fact that none of the newly 
observed transitions is in coincidence with the 2156 keV 
7 ray indicates a different configuration for the 2156 keV 
state. 



IV. DISCUSSION 

The tentative spin and parity assignment to the ob- 
served levels in 44 S is based on the comparison between 
the calculated and experimental (i) excitation energies, 
(ii) branching ratios and (iii) direct population of the 
states following the one proton knock-out reaction. Shell 
model calculations (Fig. 0]) using the SDPF-U interac- 
tion [l8[ , known to reproduce the spectroscopic informa- 
tion in the region, were performed. The full model space 
was considered, comprising the proton 7r(d 5 /2, d 3 / 2 , S1/2) 
and neutron v(f?/2, P3/2! Pi/2: h/2) orbitals. Calcula- 
tions were performed with the ANTOINE code [l9|. [20|| . 



E2 reduced transition probabilities were calculated us- 
ing polarization charges of 0.35 e for both protons and 
neutrons. Effective magnetic moments for the Ml tran- 
sition rate calculations are taken from Ref. [2l[ and were 
derived from systematic studies in the sd shell. They 
correspond to the bare values quenched by 0.75 for the 
spin operator while the orbital operator is set 1.1 and -0.1 
for proton (g p ) and neutron (g n ) gyromagnetic moments, 
respectively. These values ensure a very good agreement 
with the measured g-factors in 44 C1 [22j and 43 S [23| . 

Theoretical direct population of the levels in 44 S 
has been obtained combining the eikonal-model calcu- 
lations 24] for the single particle cross sections with the 
shell model spectroscopic factors (SF) following the pre- 
scription of Ref . [25| - The ground state spin and parity of 
45 CI are not firmly known experimentally [26l. Shell 
model calculations predict an I 7r =l/2 + assignment al- 
though the 3/2+ level is calculated to be at only 132 keV 
excitation energy. Therefore, both spins (1/2 or 3/2) 
were considered in the SF calculations (Fig. [SJ. The 
range of possible states populated in 44 S from the proton 
knock-out reaction of 45 C1 are from + to 3 + (0 + to 4 + ) 
assuming l/2 + (3/2 + ) for the ground state of 45 C1. 
Therefore, all calculations were restricted to these spin 
states (Fig. gj. 

The calculated 2f level at 1172 keV excitation energy 
corresponds to the 1321 keV experimental state previ- 
ously reported in Ref. [|. Between 2000 and 2800 keV 
five levels were calculated. Among them, only the 2% 
state at 2140 keV excitation energy has a spherical config- 
uration with intrinsic quadrupole moment -0.3 efm 2 [12j |. 
It is predicted to decay by 83% and 16% to the 0^ and 
2^ levels, respectively. Its decay to the 0^ level, al- 
though favored in terms of reduced transition probability 
(B(E2: 2+ -^0+ )~ 3.2 B(E2: 2+ ->0f )), amounts to only 
1%. This is due to the energy dependence of the transi- 
tion probabilities. Although, having comparable configu- 
rations, the 2^ and 0^" are thus only weakly connected to 
each other. The experimental analogue of the 2140 keV 
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FIG. 4: Experimental level scheme of 44 S obtained from (a) Force: Ref. [T3 |. (b) Santiago-Gonzalez: Ref. [l3T ] and (c) in 
this work. The width of the arrows in (c) indicates the relative 7-ray intensities normalized to the 1321 keV transition. 
The energy uncertainties on the 7-rays and levels are quoted in Table [T] (d) Shell model calculations performed using the 
SDPF-U interaction. The arrow length in the right hand side of the figure shows the error on the neutron separation energy 
(S n = 5220(440) keV [13 )• The levels observed in this data are represented with thicker widths line. 



state is the 2156 keV level and the non observation of 
the 835 keV 7 ray associated with the 2 — i-2+ decay is 
in agreement with experimental results considering the 
intensity of the 2156 keV 7-ray. The 2156 keV state is 
tentatively assigned to be the (2^) level of spherical char- 
acter based on the fact that if this state had had a more 
mixed configuration, higher lying states would have de- 
cayed through it and been detected in this experiment. 
As shown in Fig. [5j the calculated direct population to 
the l\ state is 5% and 1% assuming 1/2+ and 3/2+ spin 
and parity assignment for the ground state of 45 CI, re- 
spectively. The theoretical direct feeding to the 4^~ state 
(calculated to be 2569 keV and observed at 2447(5) keV 
in Ref. 13]) is 0% in the case of a l/2 + and 2% in the case 
of a 3/2 + spin and parity of the ground state of 45 C1, re- 
spectively. Both, the experimental feeding of 12 % to the 
2^ and the non observed feeding to the 4+ state rather 
favor a I 7r = 1/2+ ground state for 45 C1. The other four 
calculated states between 2000 and 2800 keV (i.e. 2g, 
3^, 4^, 4^ ) are predicted to decay mostly to the 2+ level 
(>90%); only the 2jj~ state is expected to be strongly 
populated in the reaction (Fig. [5]) , independent of the V 
value of the ground state of 45 C1. For this reason, an 
1^ = (2g ) spin and parity is assigned to the 2298 keV 
level. Above 3000 keV there is a large level density is 
predicted. A study of the decay modes of each state 



was performed considering the theoretical reduced tran- 
sition probabilities and the experimental excitation en- 
ergies (when available), otherwise they were taken from 
theory. In the latter case, the branching ratio of each 
level was investigated considering a variation of 500 keV 
of the theoretical excitation energies. Only the \\ and 
2^ states decay by competing and parallel branches to 
the 2jj~ and 2^~ levels in agreement with the experimental 
data.! Therefore, both states are possible candidates to 
spin and parity assignment for the 3301 keV level. In ad- 
dition, the theoretical cross section calculations further 
support the V = (lj, 2g ) assignment (Fig. [5]). Due to 
the large number of calculated levels around 4000 keV, 
it was not possible to find a theoretical counterpart to 
the experimental 4499 keV level, therefore no spin as- 
signment can be given. 



V. SUMMARY 

The 44 S nucleus has been investigated using in-beam 
7-ray spectroscopy following the one proton knock-out 
reaction from 45 CI. The large efficiency of the BaF2 de- 
tectors of the Chateau de Cristal array, together with the 
particle selection provided by the SPEG spectrometer, 
allowed the construction of the level scheme up to high 
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FIG. 5: (Color online) Theoretical partial cross sections to 
the levels in 44 S normalized to the strength below the neutron 
separation energy S„ = 5220(440) keV assuming 3/2 + (a) and 
l/2 + (b) spin and parity assignment for the ground state of 
45 C1. 



excitation energy. Analysis of 77-coincidences relations 
have been realized in this nucleus and the experimental 
direct feedings of the states were extracted. State-of-the- 
art nuclear shell model calculations have been performed 
for comparison to experimental energies, deduced spin 
assignments and decay branches of the states, and esti- 
mate their direct feeding from the one proton knock-out 



reaction. The energies and tentative spin assignments of 
the three excited states (2+ , 2 J and 2g") determined in 
Refs. [HE3] are confirmed. The 2+ level at 2156(49) keV 
is found to have a specifi! c configuration, and is likely 
spherical. This is based on the weak feeding observed 
from other excited states, its feeding intensity from the 
(-lp) knock-out reaction and its decay pattern. Two new 
excited states have been proposed at higher excitation en- 
ergy with the 3301 keV level tentatively assigned to have 
V = (lj , 2g ), while no spin and parity could be deter- 
mined for the level at 4499 keV excitation energy. The 
information from the present data, and the one reported 
in Ref. [H, HU , highlights the large density of states at 
low excitation energy in the semi-magic 44 S nucleus. This 
confirms the complexity of its nuclear structure that com- 
bines both shape and configuration coexistence. 
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